The aberrant expression of sialyltransferase has a role in cell differentiation, neoplastic transformation and the progression of various types of cancer. our previous studies have shown that high expression of β-galactoside-α2,3-sialylt ransferase iii (ST3Gal3) in the metastatic ovarian cancer cell line Ho8910PM attenuated cisplatin-induced apoptosis. The present study demonstrated that paclitaxel-induced chemoresistance in ovarian cancer cells upregulated the expression of ST3Gal3 and reduced the activity of caspase-8/3. The results of the present study revealed that the endogenous levels of ST3Gal3 mrna and protein were significantly higher in Ho8910PM cells compared with SKoV3 cells. a higher expression of ST3Gal3 was correlated with an increased resistance to paclitaxel, while the downregulation of ST3Gal3 resulted in paclitaxel-induced apoptosis. Paclitaxel upregulated ST3Gal3 expression at the mrna and protein levels in Ho8910PM cells, but not in SKoV3 cells. Silencing of ST3Gal3 by small interfering rna reversed these effects and increased the protein levels of caspase-8/3, which may contribute to paclitaxel-induced apoptosis. The results of the present study suggested that ST3Gal3 was a target for paclitaxel-related resistance during ovarian cancer chemotherapy.
Introduction
ovarian cancer remains one of the most aggressive and highly recurrent malignant diseases worldwide with a poor prognosis (1, 2) . The vague clinical symptoms in the early stages of ovarian cancer have a major role in delaying intervention and treatment (3) . Several diagnostic biomarkers have been identified for ovarian cancer. Serum human epididymis protein 4 (HE4) and transthyretin (TTR) were identified as novel biomarkers for ovarian cancer (4) . compared with the golden standard marker mucin-16 (ca125), He4 is suitable for patients with advanced ovarian cancer, while TTr is a better serum biomarker for patients with early stage ovarian cancer (4) . a panel of four serum biomarkers (ca125, He4, e-cadherin and interleukin-6) has been shown to have a sensitivity of 95-100% for patients with early stage ovarian cancer (5) . However, unlike the progression in the discovery of diagnostic biomarkers for ovarian cancer, biomarkers associated with more efficient therapeutic targets remain elusive.
Sialylation is one of the essential molecular posttranslational modifications, which has important roles in metabolism, immunity, development and cancer biology (6) (7) (8) (9) . in ovarian cancer, sialylation of glycoproteins is a common modification in ovarian cancer proximal fluids (10) . aberrantly sialylated n-linked glycopeptides may serve as serum biomarkers for patients with ovarian cancer (11) (12) (13) . The fully sialylated α-chain of complement 4-binding protein has been identified as a diagnostic and prognostic marker for ovarian cancer (14, 15) . β-galactoside-α2,3-sialyltransferase i (ST3Gal1) was found to be expressed at a higher level in the advanced stage of epithelial ovarian cancer, and was demonstrated to facilitate epidermal growth factor receptor (eGFr) signaling and the migration and peritoneal dissemination of ovarian cancer cells (16) . The α2,6 n-linked sialylation of the β1 integrins was reported to promote cell adhesion and invasion of ovarian cancer cells (17) . in addition, the volume of ST3Gal3 confers paclitaxel-mediated chemoresistance in ovarian cancer cells by attenuating caspase-8/3 signaling ascites indicated the occurrence of transmesothelial invasion, which correlated with a poorer prognosis for patients with ovarian cancer (18, 19) . it has recently been reported that there is a positive correlation between the volume of ascites and the amount of serum sialylated structures in patients with epithelial ovarian cancer (8) . Therefore, sialyltransferase-catalyzed sialylations are a prevalent and aggravating factor in ovarian cancer initiation and progression.
The treatment of ovarian cancer includes surgery, chemotherapy and immunotherapy (20) . due to the vague clinic symptoms in the early stages of ovarian cancer, most patients with ovarian cancer are identified when the malignancy becomes advanced, which reduces the availability of surgical intervention (21, 22) . The first line chemotherapies used for ovarian cancer are predominantly platinum-based and taxane-based drugs (22, 23) . Surgery in combination with chemotherapy or chemotherapy alone remain the standard care for advanced ovarian cancer, although most patients with advanced ovarian cancer develop chemoresistance, metastasis and bowel obstructions, which are the most frequent causes of mortality (22) . The molecular mechanisms of chemoresistance are complex, including the maintenance of cancer stem cells, the aberrant activation of multi-drug resistant pathways, the aberrant activation of aBc transporters and oncogenic mutation (24) (25) (26) (27) . He4 not only serves as a diagnostic marker for ovarian cancer, but is also a predictor of platinum sensitivity in ovarian cancer (28) . α2,6 n-linked sialylated eGFr confers acquired resistance to gefitinib in ovarian cancer (29) . ST6GAL1 confers cisplatin resistance in ovarian tumor cells (30) . our previous study showed that ST3Gal3 correlated with cisplatin resistance in ovarian tumor cells (31) . in the present study, the relationship between ST3Gal3 expression and paclitaxel resistance in ovarian tumor cells was investigated in order to provide a better understanding of the effect of paclitaxel treatment alone or in combination with ST3Gal3.
Materials and methods
Cell culture. The human ovarian cell line SKoV3 was purchased from the american Type culture collection and the Ho8910PM cell line was purchased from The cell Bank of Type culture collection of The chinese academy of Sciences. SKOV3 cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc) containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (Gibco; Thermo Fisher Scientific, Inc.). HO8910PM cells were cultured in DMEM high-glucose medium (Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS and 1% penicillin-streptomycin. All cell lines were cultured at 37˚C in a humidified incubator with 5% CO 2 .
RNA isolation and reverse transcription-quantitative (RT-q) PCR. Total RNA was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's instructions. Total rna was reverse transcribed using TransScript one-Step gdna removal and cdna Synthesis SuperMix (Beijing Transgen Biotech co., Ltd.). Complementary DNA was amplified using UltraSYBR Mixture (High ROX; CWBio) and the following primers: ST3Gal3 forward, 5'-aaa acG aca cTG cGc aTc ac-3' and reverse, 5'-TCG AGT GGC CAC AGA TTT CC-3'; and GAPDH forward, 5'-aGc cTc aaG aTc aTc aGc-3' and reverse 5'-GaG Tcc TTc cac GaT acc-3'. The qPcr cycling conditions were as follows: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 40 sec. The relative levels of mRNA expression were normalized to GAPDH and calculated using the 2 -ΔΔcq method (32) .
Cell Counting Kit-8 (CCK-8) assays. SKoV3 and Ho8910PM cells were seeded in 96-well plates at a density of 5x10 3 cells/well. The next day, the cells were treated with 0, 5, 10, 20, 40, 80, 160 or 320 ng/ml paclitaxel (Sigma-Aldrich; Merck KGaA) or the equivalent volume of dMSo as a negative control. after 48 h of incubation, the cell viability was determined using the ccK-8 assay (Beyotime institute of Biotechnology), according to the manufacturer's instructions. cytotoxicity was calculated as follows: cytotoxicity (%)=[1-(optical density of tested cells)/(optical density of control cells)] x100. The ic 50 (half maximal inhibitory concentration) value was calculated by GraphPad Prism 6 (GraphPad Software, inc.).
Small interfering (si)RNA transfection and paclitaxel treatment. in total, three ST3Gal3 sirna sequences were designed and synthesized by Guangzhou RiboBio Co., Ltd. The sirna sequences for sicTrl was: 5'-TTc Tcc Gaa cGT GTc acG T-3'. The sirna sequences for ST3Gal3 were: 1#-sense 5'-cGT GGa aGc Tac acT TacT-3', 2#-sense 5'-ccT Gaa TcT GGa cTc Taa a-3' and 3#-sense 5'-ccT GGa cGc aca aTa Tcc a-3'. These sirna sequences were tested in a previous study (31) , and the 1# sirna sequence was then used for further experiments. Briefly, cells were seeded into 6-well plates at a density of 2x10 5 cells/well. The next day, 7.5 µl lipofectamine ® rnaiMaX reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was diluted in 125 µl Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.) and 30 pmol sirna was diluted in 125 µl opti-MeM, and each was mixed by vortexing for 10 sec. The diluted sirna was added to the diluted lipofectamine ® rnaiMaX reagent and incubated for 10 min at room temperature. during the incubation, the cells were washed once with 3 ml of PBS and 2 ml fresh growth medium was added. Subsequently, the 250 µl transfection mixture was added dropwise onto the cells in the 6-well plate, incubated for two days and then exposed to 20 ng/ml paclitaxel for a further 48 h.
Western blot. cells were collected and lysed on ice using riPa lysis buffer (Beyotime institute of Biotechnology) containing 1% PMSF (Beyotime institute of Biotechnology). The protein concentration was determined using the bicinchoninic acid method. in total, 50 µg of total protein was separated using 10% SdS-PaGe and transferred onto PVdF membranes. After 5% bovine serum albumin (cat. no. ST023; Beyotime institute of Biotechnology) blocking at room temperature for 1 h, membranes were incubated overnight at 4˚C with primary antibodies. The primary antibodies used were: anti-ST3Gal3 (1:500 dilution; cat. no. SC-134040; Santa Cruz Biotechnology, Inc.), anti-caspase-8 (1:1,000 dilution; cat. no. 4790; Cell Signaling Technologies, inc.), anti-caspase-3 (1:1,000 dilution; cat. no. 14220; Cell Signaling Technologies, Inc.) and anti-GAPDH (1:2,000 dilution; cat. no. AF0006; Beyotime institute of Biotechnology). Membranes were then incubated with secondary anti-rabbit or anti-mouse horseradish peroxidase (HrP)-conjugated secondary antibodies (1:3,000 dilution; cat. nos. A0208 and A0216; Beyotime Institute of Biotechnology) for 1 h at room temperature. results were acquired using the Gel logic 1500 imaging system (Kodak). GaPdH was used as a loading control.
Flow cytometry for Maackia amurensis lectin II (MAL II) staining. Briefly, after the medium was discarded, cells were washed twice with PBS and digested with trypsin/0.25% edTa (Gibco; Thermo Fisher Scientific, Inc.). Fresh growth medium was added to terminate the digestion and cells were collected by centrifugation at 1,000 x g for 5 min at room temperature. The cells were resuspended and washed twice in 1 ml PBS. The cell pellets were resuspended in 100 µl of HePeS containing 0.5% BSa and 2.5 µg/ml biotinylated Malii (Vector laboratories, ltd.), and incubated at room temperature for 2 h in the dark. The cells were washed twice with PBS and incubated with 1 µg/ml streptavidin-phycoerythrin (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature in the dark. after washing the stained cells twice with PBS, cell surface MAL II was quantified using a FACSCanto II flow cytometer (BD Biosciences), and analyzed by BD CellQuest Software version 3.3 (Bd Biosciences) according to the manufacturer's instructions.
Flow cytometry for apoptosis analysis. cells were digested and collected as aforementioned. cells were resuspended and briefly washed twice in 1ml PBS. The final pellets were resuspended in 500 µl of 1X binding buffer, and 5 µl of annexin-V-FiTc (Bd Biosciences) was added and incubated at room temperature for 15 min in the dark. Then 5 µl of propidium iodide (Bd Biosciences) was added to the cells and incubated at room temperature for 5 min in the dark. apoptosis was immediately quantified using the FacScanto ii flow cytometer (BD Biosciences), and analyzed by BD CellQuest Software version 3.3 (Bd Biosciences).
TUNEL assay. In brief, cells were fixed with 4% paraformaldehyde at room temperature for 20 min and washed twice with PBS. Cells were then permeabilized with 0.3% Triton X-100 at room temperature for 10 min, washed once with PBS and incubated with 0.3% H 2 o 2 in PBS for a further 20 min in the dark. after washing twice with PBS, 50 µl Tunel working solution (Beyotime institute of Biotechnology) was added to each sample and incubated at room temperature for 1 h. after washing twice with PBS, stop solution was added at room temperature for 10 min. after washing twice with PBS, streptavidin-HrP working solution was added to the cells at room temperature for 30 min. after washing twice with PBS, 3,3'diaminobenzidine solution was dropped onto the samples and incubated at room temperature for 3 min. after washing with PBS and mounting with neutral balsam, images were captured using a leica optical microscope (leica Microsystems, inc.) and routine light microscopy (magnification, x100).
Statistical analysis. experiments were independently performed for a minimum of three times and results were qualitatively similar. representative experiments are shown. numerical data are presented as the mean ± Sd. Statistical analyses were performed using one-way anoVa and the Tukey-Kramer multiple comparisons test using GraphPad Prism 6 (GraphPad Software, inc.). P<0.05 was considered to indicate a statistically significant difference.
Results
Expression and activity of ST3Gal3 in ovarian cancer cell lines. To identify the relationship between ST3Gal3 and Mal ii in ovarian cancer cell lines, the mrna expression levels of ST3Gal3 were investigated. The results showed that the levels of ST3Gal3 mrna expression in Ho8910PM cells was more than double that in SKoV3 cells (Fig. 1a) . The protein expression levels of ST3Gal3 were also markedly higher in Ho8910PM cells than in SKoV3 cells (Fig. 1B) . Mal ii binds to sialic acid in an α-2,3 linkage rather than an α-2,6 linkage, which is specific for the activity of ST3Gal3 (33) . Biotinylated Mal ii was used to investigate the levels of cell surface Mal ii in ovarian cancer cell lines. in line with the expression levels of ST3Gal3, the α-2,3 sialic acid linked terminal glycosylated modification was ~2-fold higher in HO8910PM cells than in SKoV3 cells ( Fig. 1c and d) . collectively, the expression and activity of ST3Gal3 were significantly higher in Ho8910PM cells than in SKoV3 cells.
ST3Gal3 affects paclitaxel-resistance in ovarian cancer cells. The aberrant expression and activity of ST3Gal3
in ovarian cancer cells prompted an investigation into the relationship between the expression of ST3Gal3 and paclitaxel-resistance. Paclitaxel treatments ranging from 0 to 320 ng/ml were used to induce cytotoxicity in SKoV3 and Ho8910PM cells. The ic 50 of paclitaxel in SKoV3 cells and Ho8910PM cells were calculated to be 57.90 and 130.61 ng/ml, respectively, indicating that the paclitaxel-resistance in Ho8910PM cells was >2-fold higher than in SKoV3 cells ( Fig. 2a ). Tunel assays were then used to examine paclitaxel-induced apoptosis in SKoV3 and Ho8910PM cells. The results revealed that the apoptotic ratio was ~2-fold higher in SKoV3 cells than in Ho8910PM cells following 48 h exposure to 50 ng/ml paclitaxel ( Fig. 2B and c) , indicating that paclitaxel-resistance was higher in Ho8910PM cells than in SKoV3 cells.
ST3Gal3 knockdown sensitizes ovarian cancer cells to paclitaxel-induced apoptosis.
To further investigate the role of ST3Gal3 in paclitaxel resistance, ST3Gal3 was silenced. sirna was used to knockdown ST3Gal3 expression in SKoV3 and Ho8910PM cells, followed by treatment with 20 ng/ml paclitaxel for 48 h. The level of apoptosis was then quantified using flow cytometry. in Ho8910PM cells, the knockdown of ST3Gal3 significantly increased the level of apoptosis, (si-cTrl vs. si-ST3Gal3; Fig. 3A and B) . The apoptosis ratio was ~3-fold higher in si-cTrl knockdown cells treated with paclitaxel than in si-cTrl knockdown cells without paclitaxel treatment. The apoptosis ratio was ~2-fold higher in the si-ST3Gal3 cells compared with the si-cTrl cells after treated with paclitaxel ( Fig. 3a and B) . in SKoV3 cells, the knockdown of ST3Gal3 also increased the level of apoptosis, but not significantly (si-CTRL vs. si-ST3Gal3). The apoptosis ratio was ~1.5-fold higher in the si-ST3Gal3 cells plus paclitaxel compared with the si-cTrl cells plus paclitaxel ( Fig. 3c and d) . in the absence of STG3Gal3, HO8910PM cells are no longer significantly more resistant to paclitaxel than SKoV3 cells. (Fig. 3e ). ST3Gal3 knockdown was found to increase paclitaxel-chemosensitivity in both SKoV3 and Ho8910PM cells.
ST3Gal3 knockdown increases paclitaxel-mediated activation of caspase-8/3 signaling. The mechanism of ST3Gal3-induced chemoresistance was investigated next. RT-qPCR and western blot results first confirmed that the si-ST3Gal3 siRNA significantly downregulated STG3Gal3 mrna and protein levels in both Ho8910PM and SKoV3 cells (Fig. 4) . Paclitaxel treatment induced ST3Gal3 expression at the mrna and protein level in Ho8910PM cells ( Fig. 4a and B) . after the sirna-induced downregulation of ST3Gal3, paclitaxel treatment further decreased the levels of ST3Gal3 mrna in Ho8910PM cells, rather than rescuing STG3Gal3 expression (Fig. 4a) . The change in the protein level was similar (Fig. 4B ). in addition, it was found that paclitaxel increased caspase-8 and caspase-3 protein expression levels in si-cTrl Ho8910PM cells. Knockdown of ST3Gal3 alone only induced caspase-3 protein levels in Ho8910PM cells compared with si-cTrl, while caspase-8 levels were not altered (Fig. 4B) . Furthermore, si-ST3Gal3 knockdown plus paclitaxel treatment markedly elevated caspase-8 and caspase-3 protein levels in Ho8910PM cells compared with si-ST3Gal3 knockdown alone (Fig. 4B) .
By contrast, paclitaxel treatment did not alter the mrna and protein expression levels of ST3Gal3 in si-cTrl SKoV3 cells or si-ST3Gal3 SKoV3 cells ( Fig. 4c and d) . it was also found that paclitaxel induced caspase-3 protein expression, but not caspase-8 expression, in si-cTrl SKoV3 cells. ST3Gal3 knockdown alone induced caspase-3 expression, but seemed to decrease caspase-8 expression, in SKoV3 cells, compared with the si-cTrl. Finally, ST3Gal3 knockdown plus paclitaxel treatment markedly increased both caspase-8 and caspase-3 protein level in SKoV3 cells, compared with si-ST3Gal3 knockdown alone (Fig. 4d ). These results indicated that ST3Gal3 knockdown synergistically facilitated paclitaxel-mediated activation of caspase-8/3 signaling.
Discussion
Paclitaxel, a taxane-based drug, has been approved for use in a number of solid tumors for decades. However, serious side effects and chemoresistance are major obstacles that limit its clinical application, even though this drug has a remarkable response rate and increases the survival rate (34, 35) . Therefore, focusing on reversing chemoresistance to paclitaxel remains an important and urgent focus in cancer treatment. The present results demonstrated that the expression levels of ST3Gal3 were associated with paclitaxel-resistance in ovarian cancer cell lines. of note, paclitaxel treatment increased the mrna and protein levels of ST3Gal3, while ST3Gal3 knockdown reduced the level of paclitaxel-induced apoptosis in ovarian cancer cells. Thus, the results of the present study suggested that ST3Gal3 may be a potential target for improving paclitaxel-based chemotherapy.
The advance in glycoinformatics and glycoproteomics has provided the needed tools to probe and understand glycosylation in development and cancer biology (8, 31) . a number of sialyltransferases and sialylated glycoproteins have been identified as diagnostic or prognostic markers for ovarian cancer (8, 36) . The ascites volume has been shown to be correlated with the degree of sialylation in epithelial ovarian cancer, providing a new insight into tumor progression and recurrence (8) . our previous study showed that the expression of sialyltransferase mRNA differs significantly among different ovarian cancer cell lines (31) . in the present study, it was found that the expression of ST3Gal3 was higher in Ho8910PM cells than in SKoV3 cells, indicating that more (α-2,3)-linked sialylation events may be catalyzed on the cell surface of Ho8910PM cells. aberrant sialylations have been associated with a number of processes, including adhesion, tumor progression and metastasis (7, 37, 38) . in addition, ST3Gal3 and ST6Gal1 play roles in cisplatin-resistance, as previously reported (30, 31, 39) . However, the combination of cisplatin and paclitaxel serves as a standard chemotherapy regimen for patients with advanced ovarian cancer (40, 41) . Therefore, in the present study the relationship between ST3Gal3 and paclitaxel-resistance in ovarian cancer cell lines was investigated. The results of the present study showed that a higher expression level of ST3Gal3 conferred paclitaxel resistance to Ho8910PM cells. Following sirna depletion of ST3Gal3 in Ho8910PM cells, a higher level of apoptosis was induced by paclitaxel compared with si-cTrl cells. There was no significant difference in paclitaxel-induced apoptosis between si-ST3Gal3 SKoV3 cells and si-ST3Gal3 Ho8910PM cells. These results suggested that ST3Gal3 plays an important role in chemoresistance to paclitaxel in ovarian cancer cells.
The mechanism by which ST3Gal3 regulates paclitaxel-resistance was also explored. at a mechanistic level, paclitaxel stabilizes microtubule polymers to inhibit mitotic spindle assembly, blocking cell division and triggering apoptosis (34, 35) . The mechanism for paclitaxel-resistance has been reported to be associated with microtubule dynamics, tubulin isotype expression and the mutation, or modifications, of tubulin-/microtubule-regulatory proteins (34) . The results of the present study suggested an alternative mechanism for paclitaxel-resistance based on the following findings: i) Paclitaxel treatment upregulated ST3Gal3 expression at both the mrna and protein level in Ho8910PM cells, but not in SKOV3 cells; ii) either paclitaxel treatment alone or ST3Gal3 knockdown induced caspase-3 expression in ovarian cancer cell lines; iii) paclitaxel alone induced caspase-8 expression in HO8910PM cells, but not in SKOV3 cells; iv) ST3Gal3 knockdown did not affect caspase-8 expression in Ho8910PM cells, and even reduced caspase-8 expression in SKOV3 cells; and v) the combination of paclitaxel treatment and ST3Gal3 knockdown markedly increased caspase-8 and caspase-3 expression in ovarian cancer cell lines. These results indicated that ST3Gal3 knockdown activated caspase-3, rather than caspase-8, signaling, however, paclitaxel-induced caspase signaling depended on the cell type involved. Therefore, ST3Gal3 knockdown may directly and synergistically facilitate the paclitaxel-mediated activation of caspase-3 signaling, while the activation of caspase-8 may be dependent on the activation of caspase-3.
in conclusion, the results of the present study suggested an alternative mechanism for paclitaxel-associated chemoresistance in ovarian cancer cells. it was also indicated that aberrant ST3Gal3 expression may serve as a diagnostic and prognostic marker, and a potential chemotherapeutic target, for ovarian cancer. Future studies should be directed towards the development of sialyltransferase inhibitors; for example, high-affinity lectin may be used to block sialylated sites, or gene modification may be employed to downregulate the expression and function of sialyltransferases, with the aim to ameliorate resistance to paclitaxel-based chemotherapies.
